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Abstract
Numerous studies have documented multiple climate oscillations around
the North Atlantic Ocean during the late Glacial and early Holocene. The melting
of the Laurentide Ice Sheet (LIS) is considered to be the major culprit of many
climate oscillations, causing cooling events to disrupt the overall warming trend
of the last deglaciation. The melting of the LIS caused multiple pulses of
freshwater to enter the ocean and ultimately disrupt the Thermohaline
Circulation, causing millennial-scale cooling events around the North Atlantic
Ocean. The spatial extent to which these cooling events have occurred is well
documented. However, the moisture responses are still poorly documented and
poorly understood. Also, climate changes due to centennial-scale outburst floods
during the early Holocene have not been widely documented. Here, I present
lithologic, palynologic, and isotopic evidence for temperature and moisture
changes during the late glacial and early Holocene, especially for multiple
centennial-scale climate oscillations during the early Holocene, from Silver Lake,
New Jersey. The data show decreases in carbonate content and concurrent
increases in organic matter content during the B0l1ing-Allemd Period, the
Younger Dryas, the Preboreal Oscillation, and the 8.2 ka event. On the basis of
present-day sediment distribution at the lake, organic-rich peaty sediments are
considered as having been deposited during low lake levels; whereas carbonate-
rich sediments are thought to have been deposited in open and deep water
environments. Therefore, these well-known periods of cooling also seem to have
been drier periods at Silver Lake. Furthermore, six centennial-scale oscillations
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of decreasing carbonate content and increasing organic matter content are
recorded between 10 ka and 8 ka. Simultaneously, decreases in 0180 values
likely reflect a decrease in air temperature, thereby indicating cool and dry
events. The apparent correlation of these sedimentary records with documented
outburst floods from LIS melting suggests a possible causal connection. This
implies that the climate in the Mid-Atlantic region was extremely sensitive to
perturbations of ocean circulation.
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Introduction
Increasing evidence suggests that late glacial and early Holocene climate
was highly variable in some parts of the world (Hoek and Bos 2007, Peteet 1995,
Levesque et al. 1993). A classic deglacial climate sequence has been
documented around the North Atlantic Ocean (Figure 1A) (Anderson et al. 2006,
Johnsen et al. 2001, Yu and Eicher 2001, von Grafenstein et al. 1999, Hughen et
al. 1996, Dansgaard et al. 1993). The sequence includes glacial conditions
ending around 14.6 ka (1 ka = 1000 cal yr BP) with a period of warmth known as
the B01ling-Aller0d warm Period (BOA). The Younger Dryas (YD) cooling period
(12.9 ka - 11.6 ka) has been documented all over the North Atlantic Seaboard
(Peteet 1995). Warmer temperatures began at the start of the Holocene around
11.6 ka. A very sudden and short Preboreal Oscillation cooling (PBO) occurred in
the early Holocene at 11.3 ka (Magny 2007) with another cooling period that
occurred at 8.2 ka known as the 8.2 ka event (Alley et al. 1997). The YD is well
known for its abrupt change into and out of almost full glacial conditions.
However, moisture conditions for the YD period are still poorly documented.
Similarly, specific moisture conditions, the timing, and the magnitude of the PBO
and 8.2 ka event are not well constrained (Kobashi et al. 2007).
Large-scale boundary conditions played a major role in causing climate
changes during the late glacial and early Holocene. Between 14 ka and 8 ka, the
global ice extent was on the decline, thereby decreasing the Earth's albedo,
allowing for increased temperature, and creating a positive feedback for global
temperature rise. Ice cores from Greenland record multiple millennial- and
3

centennial-scale oscillations between cold glacial conditions and warmer
temperatures (Stocker and Mysak 1992, Johnsen et al. 2001). These high-
frequency climate oscillations can not be caused by orbital-scale forcing, which
acts on much longer time scales.
It has been shown that changes in deep ocean circulation can affect
climate on millennial and centennial scales (Carlson et al. 2007, Appenzeller et
al. 1998, Broecker 1994). The addition of freshwater easily alters deep ocean
circulation, which may intern affect climate (Carlson et al. 2007, Broecker 1994).
Modeling studies have shown that the addition of vast amounts of glacial
meltwater entering the ocean can cause drastic climate changes (Wiersma and
Renssen 2006, Weaver and Hughes 1994). The Older Dryas (00) (which
occurred during the BOA), the YO, the PBO, and the 8.2 ka cooling events are
believed to have been caused by outbursts of fresh proglacial-Iake waters into
the North Atlantic and Arctic Oceans (Morrill and Jacobsen 2005, Teller 2004,
Fisher et al. 2002). These outburst floods entered the ocean through different
drainage routes as related to the extent of the LIS and isostatic conditions
(Clarke et al. 2004) (Figure 1B). Freshening of the North Atlantic caused a
decrease in North Atlantic Deep Water (NADW) production, which in turn slowed
down the Thermohaline Circulation (THC). This would have suppressed the Gulf
Stream Current that moved warm water northward, thereby causing cooling
around the North Atlantic Ocean (Teller 2004).
As an example of this phenomenon, the final drainage of pro-glacial Lake
Agassiz, and the subsequent 163,000 km3 of freshwater that flooded into the
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North Atlantic are believed to have produced the 8.2 ka cooling event (Teller
2002, Teller and Leverington 2004). The final drainage of Lake Agassiz was due
to the ongoing melting of the LIS, which caused the opening of a drainage route
into the Hudson Strait (Teller 2004). Due to similar situations of ice sheet retreat,
multiple smaller outburst floods occurred throughout the early Holocene before
the final collapse of the LIS, causing the 8.2 ka event (Teller and Leverington
2004). However, few documented climate changes have been attributed to these
smaller-scaled outburst floods (Fleitmann et al 2008).
The northern Mid-Atlantic region has few high-resolution studies that focus
on documenting these late Quaternary climate oscillations using a multi-proxy
approach (Toney et al. 2003). Furthermore, there are only a few studies that
have documented multiple small-scale climate changes in the Holocene between
the PSO and the 8.2 ka event (Fleitmann et aI2008). Detailed studies are
needed in this region to determine the full extent, magnitude, and causes of
these well-known climate changes.
Here, I use a multi-proxy approach to document multiple aspects of the
climate for northwestern New Jersey. A surface sediment study along a water-
depth gradient was conducted to document relationships between lithology and
water depth that was used to infer past lake levels. Lithology and plant
macrofossils from sediment cores were used to determine changes in lake levels
(Dieffenbacher-Krall and Halteman 2000) from which regional moisture
conditions were inferred (Newby et al. 2000). Oxygen isotope compositions of
inorganic and biogenic carbonate were used as proxies for paleotemperature,
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while carbon isotopes provided information on lake productivity (e.g., Yu and
Eicher 1998). Pollen analysis was used to reconstruct regional vegetation and
provided dating controls for sediment records (e.g., Shuman et al. 2004). The
combination of these proxies allowed for the investigation of changes in thermal
(warm/cool) and mc;>isture (wet/dry) conditions. ~hese records of temperature and
effective moisture patterns allowed for the investigation of the duration and the
intensity of climate change at Silver Lake, NJ during the late glacial and e-arly
Holocene.
Therefore, the objectives of this study are to generate high-resolution
records of climate change using geochemical and biological analyses from a lake
in northwestern New Jersey; to reconstruct several aspects of climate and
related changes including moisture conditions, regional temperature, and
vegetation for the late Pleistocene through the early Holocene; and to document
early Holocene climate oscillations and their potential connection to meltwater
outburst floods from proglacial lakes.
Study Region and Study Site
Northwestern New Jersey has a continental type climate with some
influence from the Atlantic Ocean. Mean annual precipitation averages -130 em
and mean annual temperature averages -9.4 °C (Table 1) (National Weather
Service 2007). Forests of northwestern New Jersey are part of the Appalachian
Forest Region. They are mainly oak-dominated hardwood forests, with high
abundances of walnut, maple, ash, and hickory (Nix 2007).
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submerged aquatic Myriophyllum (water milfoil) at depths < 2 m. Oxygen and
hydrogen isotopes of modern lake water from Silver Lake fall on a lake
evaporation line between winter and summer measurements, showing an
evaporation effect of summer samples (Figure 4).
Methods
Sediment Coring
Two long cores, SL06-1 (467 cm in length) and SL06-2 (800 cm in length)
(Figure 5), were taken using a Livingstone-Wright piston corer in February 2006
from the wetlands off the northwestern side of the lake (Figures 2C and 2E).
They were transported in meter-long sections of PVC pipe and stored in the Core
Laboratory cold room at Lehigh University.
Surface Sediment Collection
Surface sediments '!'Jere taken from Silver Lake using a modified piston
corer in August, 2007. Samples were taken along a transect at water depths of
0.6,0.8, 1.0, 1.6,3.8, and 6.7 m. Figure 2C shows the general location of the
transect. The top 5 -10 cm of sediment were taken at each water depth and were
homogenized in plastic sample bags and stored in the Core Laboratory cold
room at Lehigh University.
Radiocarbon Dating Analysis
Two sediment samples from core SL06-1 and six samples from core SL06-2
were sieved, and terrestrial plant fragments >250 IJm were picked for
radiocarbon dating. Samples were submitted to the Keck AMS Laboratory at
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Multi-Proxy Analysis
LOI analyses were performed on sub-samples (0.7 ml) taken at 1,2, or 4
cm intervals for cores SL06-1, SL06-2, and on all surface sediment samples. The
samples were heated at 100°C overnight to evaporate water and the weight loss
was used to calculate moisture content. The samples were then combusted at
550°C for 2 hours to estimate organic matter content. Samples were
subsequently combusted at 1OOO°C for 2 hours to estimate carbonate content.
Pollen samples were prepared using a modified acetolysis procedure
(Faegri and Iversen 1989) on 6 samples from core SL06-1, between 360 cm and
420 cm, and 63 samples throughout the SL06-2 core. Samples were sieved to
remove clays and other fine particles. Approximately 200 terrestrial pollen grains
were counted for each sample. Identification of pollen grains was based on
McAndrews et al. (1973) and reference slides from the Lehigh University
Paleoecology Laboratory.
Sub-samples of 1-cm thick slices were taken for macrofossil analyses at
65 intervals from core SL06-2. They were dispersed in water, subjected to a
freeze-thaw cycle, and then passed through 250 IJm and 125 IJm sieves under
hot running water. Material larger than 250 IJm was transferred to Petri dishes
and examined under a stereo-microscope. Each sample was characterized on an
abundance scale from 0 (no macrofossils present) to 4 (abundant macrofossils).
Forty-five samples from core SL06-2 were taken between 257 cm and 660
cm for stable isotope analysis of biogenic carbonate. Samples were frozen in
water, thawed, and sieved through two fractions, 500 IJm and 125 IJm. Mollusk
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shells of the genus Valvata spp. were selected from each sample. Valvata shells
were used because their shell production occurs within a few weeks to months
during the summer (Jones et al. 2002). Therefore the isotope analysis
consistently measured the summer conditions of the water that these animals
lived in (Tevesz et al. 1998).
The shells were then rinsed with water to remove sediment and organic
matter. The shell samples were then dried in a 50°C oven. Approximately 6
shells from each sample were reacted with 100% phosphoric acid at 25°C in
order to evolve CO2gas. The CO2was cryogenically purified in order to remove
water and other gases. The CO2gas was then analyzed for its 180/160 and
13C/12C ratios on a Finnigan MAT 252 mass spectrometer at the Lehigh
University Stable Isotope Laboratory.
For core SL06-2, between the depths of 260 cm.and 492 cm, 69 sediment
samples were taken at approximately every 2 cm for stable isotope analysis of
inorganic carbonate. Samples were dried in a desiccater at room temperature.
Shell and organic fragments were removed and discarded under a stereo-
microscope. The cleaned inorganic carbonate samples were placed in septa-
capped vials that were injected with 100% phosphoric acid. The CO2gas
produced was cryogenically purified and then analyzed using a dual inlet
technique on a GV Isoprime mass spectrometer at the University of Maryland
Stable Isotope Geochemistry Laboratory.
The results for all isotope analysis are presented as conventional (5
notation, which is defined as
14
o=[(Rsample - Rstandard) 1Rstandard] X 1000,
where R is the absolute ratio of 180/160 or 13C/12C. Valvata samples were
measured in reference to an internal lab standard (8-3-7v) and then expressed
relative to VPDB (Vienna PeeDee Belemnite). Analytical precision, based on
multiple analysis of the standard, was 0.1%0 for both 013C and 0180 (20).
Inorganic carbonate samples were measured in reference to the lab standard
NBS19 and then expressed relative to VPDB. Analytical precision, based on
multiple analysis of the standard, was 0.04%0 for 013C and 0.1%0 for 0180 (20).
Results
Chronology
Chronology for core SL06-2 was based on four calibrated AMS 14C dates
and two pollen inferred dates (Table 2, Figure 6). The inferred pollen dates of
12.9 ka and 11.6 ka for the beginning and end of the YD, respectively (Shuman
2004, Shuman et al. 2002a), are assigned to depths 716 cm and 680 cm based
on YD indicator pollen taxa (Yu 2007, Mayle et al. 1993) (see discussion for
further explanation).
Change in Lithology with water~Pth
The organic matter content derysed from 47% at 0.6 m water depth to
19% at 6.7 m water depth, while carbonate increased from 6% to 35% over the
same depth interval (Figure 7). This relationship suggests that an increase in
carbonate, with a decrease in organic matter, indicates greater water depths.
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trends remained constant. However, increasingly larger fluctuations in carbonate
and organic matter occurred between 9.6 ka (540 cm) and 8.1 ka (280 cm) with
5% shifts at 9.5 ka (540 cm) and 80% shifts at 8.2 ka (300 cm). From 8.0ka (260
cm) to 7.97 ka (250 cm) carbonate was less then 5%, organic matter was 70%,
and silicate was - 30%. Lithology transitioned into peat at 7.75 ka (210 cm) with
greater than 90% organic matter and continued through the rest of the core.
Macrofossil Analysis Results
Macrofossil analyses were conducted on 65 samples from core SL06-2,
approximately at every 10 cm. Macrofossil samples (Figures 9A and 9B) below
7.8 ka (213 cm) with abundances of two or greater were largely dominated by
Myriophyllum (> 50%) and unidentified moss species (> 20%), Najas seeds were
present in most of the samples. Samples at 7.8 ka (213 cm) and above were also
dominated by Myriophyllum (> 20%) and moss (> 30%); however, a large
increase in woody plant material was seen (> 50%) with the disappearance of
Najas seeds. This indicated a change form aquatic to terrestrial peat at 7.8 ka
(213 cm) (Birks and Birks 1980).
Pollen Analysis Results
At core SL06-1 Picea (spruce) pollen steadily declined from 420 cm to 360
cm. Simultaneously, Pinus (pine) pollen slowly increased with a peak at -377 cm
(Figure 10). Alnus (alder) stayed constant throughout the section at 5%. Fraxinus
(ash) pollen showed an increase at 377 cm with a peak of 10% at 368 cm. For
core SL06-2 Picea pollen showed an overall decline from 18.8 ka (790 cm) to its
disappearance at 11.6 ka (680 cm) (Figures 11 A and 11 B). Pinus pollen stayed
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relatively constant at approximately 10% throughout the core. However, an
increase in Pinus from 20% to 60% is observed between 14.7 ka (740 em) to
10.6 ka (650 em), with a peak of 65% at 11.9 ka (688 em). An increase in Alnus
pollen between 13.0 ka (720 em) and 11.6 ka (680 em) climbed to between 5%
and 15% and then decreased to -1 % at 10.9 ka (660 em) and stayed relatively
constant throughout the rest of the core. Fraxinus stayed low, less than 10%,
until 11.6 ka (680 em) where it then increased to and stayed above 20% with the
highest peak of 30% at 10.3 ka (632 em). Acer (maple) appeared at 680 em and
stayed at approximately 10% throughout the rest of the core. Fagus (beech)
stayed between 5% and 10% throughout the core except between 13.4 ka (725
em) and 12.3 ka (700 em) where it decreased to less than 0.5%.
365
370
375
425 20 40 20 40
Pollen Percent
200
(x 1000 grainslmL)
Figure 10. Pollen Analysis Results for Core SL06-1 on Depth Scale.
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Figure 11 A. Pollen Analysis Results for Core SL06-2 on Depth Scale,
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Figure 11 B. Pollen Analysis Results for-Core SL06-2 on Age Scale.
Oxygen and Carbon Stable Isotopes
For the yalvata shells there was a gradual increase in both 0180 and 013C
values of approximately 1%0 from 10.9 ka (660 cm) to 9.6 ka (550 cm) (Figures
12A and 128). Then, for approximately the next 1,000 years 0180 values decline
from -5.6%0 to -8.0%0 and 013C values continued to increase following the same
general trend as before. From 8.4 ka (325 cm) to 8.1 ka (270 cm) the 0180 values
increased by 2%0, while 013C values fluctuated by 3%0 during this period. Both
0180 and 013C show multiple oscillations of up to 2%0 from 9.6 ka (550 cm) to
8.0 ka (260 cm).
The 0180 values for inorganic carbonate followed the same trend as the
shells, increasing approximately 1%ofrom 10.9 ka (660 cm) to 9.6 ka (550 cm)
(Figures 12A and 12B). However, the 013C values increased more than 2.5%0
during the same interval (Figures 12A and 12B). From 9.6 ka (550 cm) to 8.0 ka
(260 cm), oxygen from inorganic calcite showed no overall trends around -8.2%0
with fluctuations of up to 0.5%0, While carbon varied from -3.5%0 to -7%0 with
fluctuations up to 2%0.
Although 0180 and 013C show positive correlations at some intervals
(9.2 ka, 8.9 ka, and 8.4 ka) there is no overall covariance between 0180 and 013C
values for the biogenic or inorganic carbonate (Figure 13). This, along with the
, small range of 0180 values, suggests that Silver Lake has been an open lake
though out its history (Li and Ku 1997).
24


Discussion
Chronology and Interpretations of Sediment Proxies
The two pollen dates for core SL06-2 are based on the Alnus pollen peak,
which has been documented as characteristic evidence for the Younger Dryas in
most parts of Northeastern North America (Mayle et al. 1993). The Alnus peak
during the YO is also documented in a nearby site in New Jersey (Yu 2007).
The dates of 12.9 ka and 11.6 ka are assigned for the start and end of the YO
(dates averaged from other regional study sites) (Shuman 2004, Shuman et al.
2002a, Mayle and Cwynar 1995, Peteet et aI1990).
LOI data and lithology were used to infer lake level changes (Newby et al.
2000). In a lacustrine setting peat can be deposited on land or in shallow water,
whereas marl sediments are deposited in open water (Birks and Birks 1980).
Therefore the presence of a certain lithology is indicative of the lake level at the
coring site. Changes in lake level can provide information regarding the effective
moisture of a region. Dry climateconditions, for example under conditions of low
precipitation and/or high evaporation, may lead to low lake levels. A decrease in
lake level, indicated by deposition of peat, may be seen as an indicator of a drier
climate (Winkler et al. 1986). The presence of high lake levels, as indicated by
marl sediment and high carbonate abundances, then may be interpreted as low
evaporation rates or an increase in precipitation (Winkler et al. 1986). Thus high
lake levels may indicate an abundance of moisture with wetter climate conditions,
whereas low lake levels may indicate lack of moisture and drier climates.
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Pollen analysis\rvas used to reconstruct regional vegetation for the region.
Since most vegetation only thrives in certain climates and is sensitive to
temperature and moisture conditions, their presence is used to infer air
temperature and moisture conditions for the region they are found in (Shuman et
al. 2004). Identifiable macrofossils from peat were used to characterize
depositional environments, either under shallow water (aquatic peat) or in the
presence of no open water (wetland peat) (Birks and Birks 1980). Due to their
limited transport, the presence of aquatic macrofossils in peat indicates that the
peat was deposited underwater. However, the presence of terrestrial/wetland
macrofossils only suggests that the peat was deposited subaerially, as these
fossils can be transported into surrounding lakes (Birks and Birks 1980).
Therefore, by analyzing the macrofossils within the peat, the depositional
environment was inferred. Characterizing the nature of peat also helped
determine relative changes in lake level (Dieffenbacher-Krall and Halteman
2000).
The 0180 values in freshwater carbonates can be used as a proxy for air
temperature or hydrological changes. When 180/160 ratios of authigenic
carbonate are in isotopic equilibrium with lake water, their 0180 values are a
function of the 0180 and temperature of the water, with a relationship of -0.24 %0
per °C (Friedman and O'Neil 1977). In high and mid latitudes, the 0180 of water is
mostly dependent on the atmospheric temperature effect, with a relationship of
0.6 %0 per °C between air temperature and the 0180 of precipitation (Rozanski et
al. 1992). Combining these two factors and assuming that water temperature
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closely follows air temperature, a relationship of 0.36 %0 per °C can be used as
an estimated relationship between the 0180 of carbonates and air temperature
(Yu and Eicher 1998). Increasing air temperature equates to increased 0180
values in lake water and increased 0180 values in precipitated carbonates.
On the other hand, the fractionation of 13C between calcite and water is
relatively insensitive to temperature (Drummond et al 1995). Therefore, 013C
values of freshwater carbonates are largely controlled by the dissolved inorganic
carbon (DIC) in lake water. The DIC 013C values are controlled by multiple local
environmental factors within the lake. These factors include biological
productivity, decomposition of organic matter, exchange rates between water and
atmospheric CO2, and lake water residence time and associated evaporation
effects (Talbot 1990). However, changes in 013C values can be related to
temperature changes when productivity is a major factor affecting lake DIC. An
increase in temperature causes increases in productivity, which preferentially
consumes the lighter 12C isotope from the available carbon supply. This causes
the residual carbon reservoir (lake DIC) to become enriched with the heavier
isotope 13C. Therefore an increase (decrease) in 0180 values due to changes in
temperature can correlate to increases (decreases) in 013C values due to
changes in productivity (Drummond et al 1995).
Climate Oscillations During the 8alling-Allerad Period
The LOI data from Silver Lake suggest a pre-BOA warming, the presence
of the BOA warming, and three periods of cooling within the BOA (Figure 14).
Sediments with high silicate content are indicative of colder climates, due to less
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vegetation cover and thus increased erosion. The decrease in silica at 15.8 ka
and increase in organic matter and carbonate indicates the beginning of
increased temperatures in the region and a period of pre-BOA warming.
The BOA warming begins at 14.6 ka and continues to 12.9 ka, yet three
phases of silica increase were observed between 14.2 ka and 12.9 ka. These
three periods indicate cooling and correlate to decreases in carbonate percent,
which according to our lithology change with depth study is indicative of low lake
levels and could also indicate colder temperatures. Therefore these changes in
sediment indicate three cool dry periods within the BOA warming. These three
periods correspond to the Intra-B0l1ing Cold Period (IBCP), Older Dryas (00),
and the Intra-Aller0d Cold Period (IACP).
Picea percentages were high at the end of the last glacial period at Silver Lake.
Picea's slowlystarted to decline from 60% to 30% indicating the onset of the
BOA warming period (Figure 14). Pinus was constant at 8% during the end of the
glacial then increased to 30% during the BOA warming. The Picea decrease and
simultaneous Pinus increase during the BOA both indicate a warming trend
which is consistent with other regional study sites (Yu 2007, Watts 1979). Other
studies have shown that Picea populations were initially high all over New
England during the LGM (Shuman et al. 2004). At the onset of the BOA warming,
cold-tolerant plants were replaced by thermophyllous species (Shuman et al.
2004) with Picea slowly declining throughout the New England.
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and IACP. These negative shifts in oxygen isotope data correspond to the
recorded decreases and increases in carbonate and silicate material,
respectively, from Silver Lake, NJ. This further suggests cooling conditions
during the periods of lower lake levels at Silver Lake.
Few other studies from the Mid-Atlantic region record the IBCP, 00, and
the IACP; however, there are records from the Great Lakes region of southern
Canada that show multiple climate shifts during the BOA. Evidence for the IBCP,
00, and IACP climate reversals can be seen as shifts in oxygen isotopes of up to
1 %0 in the area just southwest of Toronto (Yu 2000, Yu and Eicher 2001).
Cold and Dry Younger Dryas Climate
A significant change in lithology was observed at Silver Lake,
corresponding to the YO period. Carbonate percent decreased to less than 5%
and organic matter showed a significant increase from < 20% to -60% during the
YO, indicating very low lake levels for this interval (Figure 15). Increases in
silicate during the YO suggest an unstable landscape in a cold climate consistent
with less vegetation cover. The decrease in carbonate percent correlates to low
calcite derived 0180 values seen at White Lake, NJ (Figure 15). Yu (2007)
showed a YO signal with a negative shift of up to 3%0 indicating much cooler
temperatures in northwestern NJ. Because White Lake is less than 8 km away,
this suggests that Silver Lake experienced dry and cool conditions during the YD.
At Silver Lake, Picea populations started to decrease during the YO while
Pinus populations slowly started to increase. Picea and Pinus species grow in a
similar range of winter temperatures; however, Pinus can tolerate higher summer
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temperatures (Shuman et al. 2002a). Therefore the increase in Pinus and
decrease in Picea is still consistent with cool YD conditions because of the
increase in summer insolation and decreases in winter insolation (Figure 14).
Fraxinus and oak populations were decreasing, whereas a 15% spike in A/nus
pollen occurred during the YD. These findings are consistent with other regional
studies (Toney et al. 2003, Shuman et al. 2002a, Yu 2007).
In other studies, the beginning of the YD showed increases in Picea
populations moving south into Massachusetts from Canada, simultaneously
Fraxinus decreased from the mid-west to Connecticut, and Pinus started to
slowly expand from New York westward (Shuman et al. 2002a). An increase in
A/nus pollen at Silver Lake is indicative of the YD in southern New England,
which has been characterized by a peak of A/nus pollen from previous studies
(Yu 2007, Mayle et al. 1993). The peak inA/nus during the YD is likely due to its
fast growth rate (Yu 2007) and ability to fix nitrogen from the nutrient-poor YD
soils.
Warm and Wet Conditions at the Onset of the Holocene
At Silver Lake the disappearance of Picea signified warming and the
beginning of the Holocene at 11.6 ka (Figure 14). Pinus had continued to
increase during the YD and stayed high at -40% into the Holocene and through
the PSO. This is consistent with many other studies from the region. The YD-
Holocene transition has been characterized by a switch from Picea dominated to
Pinus dominated vegetation, or a complete disappearance of Picea, indicating an
increase in temperatures (Yu and Wright 2001). This change is documented in
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multiple studies, from New Jersey (Yu 2007, Peteet et al 1994)), Maine and
Massachusetts (Shuman et al. 2004, Newby et al. 2000), Ohio, New York, and
Connecticut (Shuman et al. 2000, Maenzna-Gmelch 1997).
At Silver Lake the start of the Holocene was marked by a period in which
carbonate percentages increased, signifying higher lake levels and wetter
conditions. Two short decreases in carbonate followed around 11.3 ka, showing
lower lake levels and drier conditions during the PBO (Figure 14). This decline in
carbonate correlates with decreases in 0180 at White Lake (Figure 15) and
GISP2 (Figure 15). After 11.2 ka, carbonate increased to above 80% while
organic matter decreased to less than 10% indicating relatively deep water lake
level and wet conditions until 9.6 ka (Figures 14,15, and 16). These findings are
consistent with high lake levels documented in the Finger Lake region of NY
(Dywer et al. 1996). However, the overall consensus in the mid-Atlantic and
southern New England regions are drier conditions during the early Holocene
(Shuman et al. 2002b, Webb et al. 1993).
Dry conditions and low lake levels around 11 ka were documented at
Sutherland and Spruce Ponds in the Hudson Highlands of NY (Maenzna-Gmelch
1997). In southeastern Massachusetts, water levels decreased between -10.8 ka
and 9.7 ka (Newby et al. 2000). Mullins et al. (2003) documented millennia-scale
fluctuations in southern NY where low lake levels were seen at 9.5 ka and 8.3 ka.
Between 8.0 ka and 5.6 ka in southern Massachusetts water levels rose -2 m
higher than the preceding dry interval (Newby et al. 2000). Li et al. (2007)
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Figure 16. Correlations of Early Holocene Climate Changes.
A) Lake Agassiz outburst floods (modified from Teller and Leverington 2004) the
8.2 ka flood was 163,000 km3/yr in magnitude and would extend off the graph, B)
Percent organic matter, C) carbonate, D) 5 180 shell (red dashed) and 5180calcite
(black solid) from core SL06-2, E) oxygen isotope data from ice core GISP2
(Grootes and Stuiver 1997). Blue solid lines indicate correlations between
lithology and 5 180 from Silver Lake and 5 180 from GISP2. Blue dashed lines
indicate potential but uncertain correlations. The gray dashed line connects the
2-step decline in carbonate seen at Silver Lake and seen in 5180 data from
GISP2. This connection seems solid yet there is no isotope data from Silver
Lake, due to low carbonate content. Black arrows indicate the glacial outburst
flooding events that may have indirectly caused climate changes which are
recorded as changes in lithology at Silver Lake. Floods that show associated
climate changes at Silver Lake (other than the PBO and 8.2 ka event) are labeled
F1 through F6. The associated changes in lithology corresponding to the floods
are labeled C1 through C6. FPBO indicates the flood that caused the PBO and
F8.2 indicates the flood that caused the 8.2 ka event.
documented multiple wet/dry cycles for the past 6000 years. Webb et al. (1993)
states overall moisture conditions for northeastern North America were drier in
the early Holocene with the driest conditions at -9 ka, while Shuman (et al
2002b) indicated the driest conditions closer to 10 ka. Conflicting moisture
conditions for Silver Lake compared to other regional studies may be due to the
fact that nearly all moisture balances for New England were mostly inferred from
pollen studies (Newby et al. 2000), not actuqllake level, as at Silver Lake.
Multiple Meltwater Pulses and Climate Responses in the Early Holocene
After the onset of the Holocene, multiple fluctuations in lithology from core
SL06-2 (Figure 16) suggest changes in lake levels and moisture conditions. The
oscillations increased in magnitude throughout the core and suggested periods of
slightly lower lake level and drier conditions. Between 8.25 ka and 8.15 ka, the
largest change in lithology from marl to peat indicates a significant decrease in
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lake level. This interval of dry conditions at Silver Lake signifies the 8.2 ka event.
The outburst flood that caused the 8.2 ka event actually occurred at 8.4 ka
(Clarke et al. 2003). The 200-year lag in time suggests that a disruption of the
THC may take time to affect the climate noticeably (Clark et al. 2002).
There appears to be a consistent 200-year lag between many other flood
events and the lithology changes at Silver Lake (Figure 16). This suggests that
these multiple outburst floods repeatedly disrupted the THC, causing several
small-scale cooling and drying events, as during the well-known 8.2 ka event.
However, this relationship seemed to only hold true at Silver Lake for outburst
floods that drained into the Hudson Bay, the North Atlantic or the Arctic Ocean.
The floods that drained into the Gulf of Mexico did not show corresponding
changes in lithology at Silver Lake.
Also, the relationship seemed to only hold true for floods with a discharge
rate of at least 3,000 km3/yr. For comparison, the Amazon River and the Congo
River have annual discharge rates of 6,642 km3/yr and 1,308 km3/yr, respectively
(Dia and Trenberth 2002). Therefore, outburst floods, with discharge rates
greater than 3,000 km3/yr, into the North Atlantic Ocean, directly or via the
Hudson Strait or by way of the Arctic Ocean caused changes in climate similar to
that of the 8.2 ka event.
The isotopes at Silver Lake show systematic shifts between inorganic
carbonate and shell data. The inorganic carbonate is mostly calcite and is more
enriched in 13C then the shell material which is mostly aragonite. The difference
between calcite and aragonite in 13C fractionation causes 13C depletion in the
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calcite of 1.8 %0 at 25°C (Stuiver 1970). However, the enrichment of 13C in
inorganic carbonate may be due to a preferential usage of the lighter 12C by the
aquatic plants that facilitate the precipitation of the inorganic carbonate (Stuiver
1970). Another explanation for 13C enriched 0 values in inorganic carbonate
compared to shell is the incorporation of carbon from 13C-deficient food by the
shelled organisms, resulting in low 013C values for shell material (Stuiver 1970).
The shells, however, are more enriched in 180 than the inorganic
carbonate. This is most likely because the fractionation between calcite and
aragonite results in 180 depletion in calcite of 0.6%0 at 25°C (Stuiver 1970). Also
inorganic carbonate can be precipitated from water that has a lower average 180
content than the water during the time of shell formation (Stuiver 1970).
Oxygen isotope data from both inorganic calcite and Valvata shells at
Silver Lake showed a general increase from 11 to 9.6 ka (660-550 cm), indicating
a slight warming during the early Holocene (Period 1 in Figure 16). This
correlated with the general increase in percent carbonate, suggesting high lake
level and wetter conditions. Warm and wet conditions are characteristic of the.
early Holocene, adding another line of evidence to our interpretations (see
above). From 9.6 to 8.4 ka negative excursions of carbonate and positive
excursions in organic matter correlate with negative excursions in 0180 from
Silver Lake and the GISP2 ice core, suggesting that these dry periods also
experienced cooler conditions (Period 2 in Figure 16).
At C1, there is a possible correlation between lithology and 0180 from
inorganic carbonate (0180carb) from Silver Lake with 0180 values from GISP2
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(a180 G1SP2). At C2, lithology correlates with the Valvata a180shell and a 18oGISP2.
The flood F3 is recorded as a 2-step (C3a and C3b) decrease in carbonate
content with corresponding decreases in a180carb. C3a also correlates with a
decrease in a 180sheli. C4 is indicated by changes in lithology and a 180 from shell
and inorganic carbonate at Silver Lake and is correlated with GISP2 data,
suggesting the F4 flood caused a cool-dry climate event at 8.9 ka. The change in
lithology at C5 correlates to a180carb and a 18oGISP2. C6 shows good correlation
between lithology, a180carb, and a180shell but does not have very strong correlation
with a 18oGISP2 suggesting C6 may have been a local phenomenon and not
caused by the F6 flood. On the other hand, the C6 climate change may not be
fully visible at Silver Lake because the associated 8.2 ka change in lithology is so
substantial it may mask the change in lithology associated with the C6 climate
change.
These correlations suggest mUltiple cool, dry events during the early
Holocene due to the disruption of the THe caused by outburst floods. Generally
a180carb shows better correlation with changes in lithology and a 18oGISP2 values
than a180shell values do. This was most likely due to the low sampling resolution
of the a 180sheil samples. However, the lack of a decrease in a180carb
corresponding to the decreases in carbonate for C2 is due to a lack of inorganic
carbonate samples from that interval. The flood at 10.3 ka (labeled F?) seems to
correspond to decreases in a 180sheil and a180carb from Silver Lake, but does not
correlate with a change in lithology. This is most likely because there is a
sediment gap of approximately 10 cm during that interval.
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At C2, C3, C4, C5, and C8.2 negative excursions in 013C data correlate
with negative excursions in 0180 data from Silver Lake (Figure 17). This
relationship most likely represents a decrease in lake productivity (which is seen
by decreasing 013C values) with decreases in temperature (Drummond 1995).
However, C1 and C6 do not show correlations between 013C and 0180 values.
Again this is likely due to low sampling resolution.
Conclusions and Implication
The high-resolution data from this study show that both thermal and
moisture conditions changes in the northern Mid-Atlantic region during the late
glacial and early Holocene. Multi-proxy data from Silver Lake document the
classic B011ing - Allemd -Younger Dryas - Holocene climate sequence. Silver
Lake clearly recorded changes in lithology, showing the BOA warming period
experienced wetter conditions and the IBCP, 00, and IACP cooling periods
experienced dryer conditions. Pollen data record the YO period with a peak in
Alnus and lithology records a significant decrease in carbonate percent indicating
dry conditions during the cold YD. The start of the Holocene is observed with the
disappearance of Picea, increase in Pinus, and a subsequent increase in
carbonate and decrease in organic matter, indicating warm and wet conditions.
The PBO is distinguished by a decrease in carbonate indicating dry conditions
during this cooling period. Through the early Holocene warming, high carbonate
and low organic matter indicated high lake levels and wet conditions. However,
multiple cool dry events indicated by decreases in carbonate, increase in organic
matter, and decreases in 0180 values occurred that correspond to glacial
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outburst floods from Lake Agassiz. The 8.2 ka event was seen as the largest
change in lithology during the early Holocene.
Understanding the extent to which glacial melt water affects the THC is
important. As global temperatures rise and ice sheets melt, there will be
increased fluxes of fresh glacial water into the oceans. Tracking the spatial and
temporal changes in climate, due to past THC disruptions, will help us to predict
what may occur in the future. Any large change in climate will undoubtedly affect
future societies and their economie~Jherefore, it is important to understand
d
how, and to what extent, large scale climate changes can affect highly populated
areas (Kirby et al. 2001). Silver lake, located in northern New Jersey, is close to
very densely populated large cities in New York, New Jersey, and Pennsylvania.
Silver Lake provides some useful insights into how sensitive the THC is to
influxes of glacial melt water and how sensitive the climate is to perturbations of
the THC. We see that northern NJ climate is susceptible to perturbation of the
THC caused by flooding events as small as 3000 km3/yr, suggesting that
continued glacial melting may cause similar climate changes to this region in the
future.
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APPENDIX 1.
LOI and macrofossil abundance data from core SL06-2.
Age Depth % % Dry Bulk % % Macro fossil(cal yr (cm) Moisture Organic Density Carbonate Silicate AbundanceBP) Matter (g/cm3)
54 82.54 69.40 0.32 4.72 25.88
62 87.17 86.17 0.23 4.91 8.93
70 86.58 88.18 0.26 4.91 6.91
78 86.25 88.79 0.24 5.45 5.76
86 87.79 87.25 0.23 5.34 7.41
94 86.17 86.17 0.23 5.98 7.85
102 86.58 78.30 0.22 6.77 14.92
110 87.05 80.92 0.22 6.30 12.77
118 88.56 89.89 0.19 3.04 7.07
126 89.25 88.77 0.18 3.55 7.68
134 86.00 68.10 0.24 7.58 24.32
7695 142 89.05 85.17 0.18 5.56 9.27
7701 148 87.52 67.93 0.16 9.79 22.28
7706 202 86.39 88.00
7712 203 86.18 87.01 0.18 5.51 7.49
7717 204 86.96 86.39 0.25 3.71 9.90
7723 205 87.58 88.69 0.16 5.02 6.29
7728 206 86.70 89.17 0.16 5.38 5.45
7734 207 87.61 89.08 0.18 5.11 5.81
7739 208 88.21 90.01 0.21 2.47 7.52
7745 209 88.16 91.22 0.18 3.33 5.45
7750 210 87.96 89.41 0.22 3.50 7.09 4
7755 211 88.66 88.65 0.19 3.42 7.93
7761 212 87.86 89.69 0.22 1.32 8.99 4
7766 213 88.66 91.19 0.20 2.24 6.57 4
7772 214 88.30 . 90:50 0.19 2.51 6.99 4
7777 215 88.45 91.20 0.17 3.02· 5.78 4
7783 216 89.07 92.08 0.17 0.76 7.16
7788 217 88.82 90.53 0.15 2.18 7.30
7794 218 89.15 88.50 0.14 2.96 8.54
7799 219 88.29 85.37 0.21 3.20 11.43
7805 220 87.63 81.53 0.24 2.88 15.59 3
7810 221 85.60 68.67 0.20 6.03 2"5.29
7816 222 82.19 54.61 0.22 7.48 37.91
7821 223 83.06 55.65 0.22 6.35 38.00
7826 224 84.43 59.51 0.26 4.89 35.59
7832 225 85.43 63.47 0.22 4.57 31.96
7837 226 85.95 64.83 0.17 3.74 31.43
7843 227 84.93 61.61 0.18 5.28 33.11
7848 228 85.62 61.51 0.23 4.15 34.33
7854 229 84.59 59.46 0.23 4.97 35.57
7859 230 84.97 61.33 0.21 9.79 28.88 3
7865 231 83.70 59.52 0.23 9.97 30.50
7870 232 84.50 54.24 0.25 17.34 28.42
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7876 233 83.69 60.51 0.21 9.32 30.17
7881 234 84.04 59.80 0.19 9.05 31.14
7886 235 83.93 61.14 0.18 9.74 29.12
7892 236 85.43 62.03 0.24 4.86 33.10
7897 237 84.00 60.92 0.21 8.86 30.23
7903 238 84.54 60.44 0.23 7.96 31.60
7908 239 84.03 61.16 0.22 8.86 29.98
7914 240 84.47 62.51 0.21 4.75 32.74 3
7919 241 82.64 60.37 0.21 6.98 32.65
7925 242 83.52 61.32 0.30 5.24 .33.44
7930 243 86.65 73.24 0.19 6.63 20.14
7936 244 87.19 74.34 0.20 4.24 21.42 4
7941 245 84.40 68.05 0.23 7.31 24.64
7947 246 83.68 68.67 0.19 7.52 23.81
7952· 247 83.54 69.84 0.25 6.09 24.07
7957 248 84.37 70.45 0.21 3.34 26.22
7963 249 85.77 72.43 0.19 6.72 20.85
7968 250 85.90 71.92 0.17 8.07 20.00
7974 251 85.66 69.95 0.22 7.96 22.09
7979 252 80.20 43.78 0.27 38.06 18.16
7985 253 81.93 51.33 0.22 29.47 19.19
7990 254 80.19 43.28 0.32 38.29 18.43 3
7996 255 74.80 26.20 0.41 61.50 12.30
8001 256 71.02 17.76 0.46 70.62 11.62
8007 257 68.85 14.81 0.52 75.90 9.29
8012 258 64.36 11.07 0.56 81.64 7.29
8017 259 65.04 9.28 0.57 85.17 5.55
8023 260 67.83 11.14 0.57 83.72 5.14
8028 261 66.98 13.64 0.55 78.83 7.53
8034 262 66.46 11.39 0.49 83.39 5.22
8039 263 61.76 7.84 0.62 88.54 3.62
8045 264 60.56 7.45 0.69 88.91 3.65 2
8050 265 60.57 7.39 0.56 89.43 3.18
8056 266 64.47 9.47 0.58 86.23 4.31
8061 267 61.93 7.81 0.63 88.64 3.54
8067 268 65.47 9.39 0.63 86.28 4.33
8072 269 68.09 13.29 0.52 80.61 6.11 .
8078 270 63.19 9.38 0.62 85.79 4.83
8083 271 64.13 9.34 0.53 85.82 4.84
8088 272 64.72 8.35 0.56 87.43 4.22
8094 273 60.48 7.48 ·0.61 88.10 4.42
8099 274 60.19 7.30 0.73 88.37 4.33 1
8105 275 60.35 7.75 0.64 87.62 4.63
8110 276 62.48 7.46 0.64 88.30 4.24
8116 277 61.15 7.77 0.81 87.38 4.84
8121 278 61.33 8.29 0.73 86.61 5.11
8127 279 61.45 8.43 0.69 86.66 4.91
8132 280 . 64.15 8.25 0.80 87.26 4.49
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8138 281 71.06 20.61 0.39 73.50 5.90 3
8143 282 80.50 35.19 0.25 52.41 12.40
8148 283 81.16 38.69 0.29 45.44 15.88
8154 284 88.52 87.86 0.20 2.31 9.82 4
8159 285 86.64 69.75 0.20 4.40 25.85
8165 286 83.35 45.26 0.27 22.18 32.56
8170 287 80.96 37.59 0.28 35.13 27.27
8176 288 79.94 31..59 0.41 45.42 22.99
8181 289 76.81 28.90 0.34 52.68 18.42 4
8187 290 80.09 37.51 0.26 41.70 20.78
8192 291 81.36 42.64 0.23 34.03 23,33
8198 292 85.17 48.48 0.24 26.89 24.63
8203 293 86.61 57.95 0.21 13.19 28.85
8252 302 87.22 59.13
8274 306 77.65 26.15 0.39 60.63 13.22
8279 .307 71.59 18.66 0.25 72.09 9.24 2
8285 308 73.97 19.58 0.32 70.03 10.39
8290 309 79.38 23.28 0.23 66.33 10.39
8296 310 76.55 20.91 0.34 68.38 10.71
8301 311 73.16 16.09 0.35 74.98 8.92
8307 312 74.44 19.25 0.19 69.26 11.49
8312 313 p 68.72 11.96 0.47 83.01 5.02
8318 314 70.10 1'2.33 0.63 81.42 6.24
8323 315 78.13 25.65 0.27 59.53 14.83
8329 316 69.54 13.48 0.57 80.36 6.16
8334 317 75.50 16.96 0.34 77.69 5.36
8340 318 72.48 17.76 0.44 76.19 6.05
8345 319 66.54 10.10 0.40 86.87 3.03
8350 320 64.58 9.80 0.61 87.52 2.68
8356 321 58.45 7.45 0.73 88.87 3.68
8361 322 62.82 8.55 0.56 86.39 5.06
8367 323 61.59 9.09 0.51 86.88 4.04
8372 324 65.28 13.34 0.47 79.20 7.46
8378 325 63.05 10.90 0.49 83.19 5.91
8383 326 65.47 10.86 0.62 82.15 6.99
8389 327 61.81 10.16 0.59 84.23 5.62
8394 328 60.46 9.17 0.48 85.61 5.22
8400 329 58.82 7.65 0.63 88.36 3.99 1
8405 330 63.34 8.16 0.57 86.50 5.34
8410 331 61.23 lO.42 0.60 82.76 6.83
8416 332 60.61 9.79 0.59 85.28 4.93
8421 333 62.95 10.61 0.40 84.42 4.97
8427 334 63.83 9.96 0.67 83.46 6.58
8432 335 61.04 9.05 0.44 86.83 4.12
8438 336 63.89 9.31 0.46 86.34 4.35
8443 337 58.65 - 8.55 0.49 87.11 4.34
8449 338 63.10 9.36 0.59 84.55 6.09
8454 339 59.74 6.99 0.67 90.33 2.68
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8460 340 59.11 6.44 0.59 91.36 2.20 1
8465 341 56.98 5.41 0.66 92.81 1.77
8471 342 59.59 5.09 0.68 92.24 2.67
8476 343 60.74 10.74 0.54 83.62 5.64
8487 345 62.27 11.34 0.52 82.18 6.48
8492 346 60.45 . 7.14 0.60 87.72 5.13
8498 347 59.27 7.74 0.63 87.00 5.26
8503 348 60.27 9.47 0.63 85.00 5.53
8509 349 56.16 6.10 0.52 89.90 4.00
8514 350 61.25 7.61 0.67 88.43 3.95 1
8520 351 71.31 22.86 0.34 68.17 8.97
8525 352 72.43 24.72 0.38 64.96 10.32
8531 353 69.68 21.72 0.44 67.84 10.44
8536 354 71.98 20.59 0.47 67.81 11.60
8541 355 66.46 14.36 0.36 76.64 9.00
8547 356 69.46 21.94 0.32 65.60 12.46
8552 357 65.61 16.05 0.50 72.85 11.11
8558 358 68.81 15.99 0.60 71.42 12.59
8563 359 54.96 5.17 0.57 90.72 4.11
8569 360 56.34 4.73 0.50 92.24 3.03 1
8574 361 55.82 5.72 0.56 90.80 3.48
8580 362 58.46 4.85 0.78 92.30 2.85
8585 363 57.19 5.13 0.72 91.88 2.99
8591 364 56.76 16.27 0.54 65.94 17.79
8596 365 57.63 5.67 0.61 89.99 4.34
8602 366 60.74 4.73 0.75 92.35 2.92
8607 367 57.69 6.66 0.54 88.15 5.19
8612 368 59.63 6.20 0.59 89.32 4.48
8618 369 60.19 7.17 0.41 87.45 5.38
8623 370 60.87 5.14 0.67 91.41 3.45 1
8629 371 58.41 6.26 0.60 89.24 4.50
8634 372 58.55 6.26 0.58 89.98 3.76
8640 373 61.80 6.79 0.44 89.75 3.46
8645 374 63.12 5.34 0.60 92.26 2.40
8651 375 59.15 5.78 0.46 90.90 3.31
8656 376 58.91 5.88 0.58 90.89 3.23
8662 377 58.35 5.89 0.46 90.15 3.97
8667 378 62.50 5.22 0.53 91.65 3.12
8672 379 60.19 6.27 0.51 90.05 3.68
8678 380 59.48 6.21 0.61 90.60 3.19 2
8683 381 62.14 7.37 0.43 88.98 3.65
8689 382 63.82 6.25 0.55 90.70 3.05
8694 383 60.33 7.76 0.36 88.30 3.94
8700 384 60.14 7.16 0.47 89.29 3.55
8705 385 57.40 6.62 0.52 89.37 4.01
8711 386 61.92 5.81 0.83 91.64 2.56
8716 387 59.98 6.23 0.57 90.61 3.16
8722 388 60.90 6.19 0.59 90.95 2.86
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8727 389 59.42 6.66 0.41 89.63 3.70
8733 390 61.93 5.43 0.74 91.73 2.84
8738 391 57.56 6.16 0.46 89.80 4.05
8743 392 58.32 6.03 0.64 90.29 3.69
8749 393 56.85 6.38 0.55 89.90 3.72
8754 394 57.90 5.00 0.65 92.23 2.78
8803 403 56.60 3.79 0.51 93.66 2.55
8809 404 58.25 4.54 0.79 93.63 1.83
8820 406 57.76 4.34 0.48 92.92 2.74 1
8831 408 60.21 5.52 1.09 92.39 2.08
8842 410 59.10 4.37 0.42 92.78 2.85
8853 412 57.58 5.66 1.16 91.98 2.35
8864 414 54.59 4.59 0.51 91.82 3.59
8869 415 1
8874 416 57.72 4.72 1.07 92.61 2.67
8885 418 58.22 5.66 0.45 89.87 4.47
8896 420 62.00 .8.35 0.74 86.04 5.61
8907 422 58.38 6.18 0.45 89.01 4.81
8918 424 63.14 8.48 0.70 86.69 4.84
8929 426 61.59 9.02 0.33 83.78 7.20
8940 428 67.70 16.43 0.65 71.22 12.36
8951 430 65.14 12.94 0.40 78.14 8.92 2
8962 432 64.57 7.71 0.78 89.57 2.72
8973 434 59.67 3.86 0.60 95.02 1.12
8984 436 62.13· 5.12 0.85 93.32 1.56
8995 438 58.30 4.39 0.64 93.20 2.41
9005 440 61.02 4.75 0.82 93.29 1.96 1
9016 442 60.77 5.79 0.55 90.51 3.70
9027 444 60.27 4.85 0.79 92.56 2.60
9038 446 58.39 4.04 0.56 90.81 5.15
9049 448 60.49 4.78 0.94 92.56 2.66
9060 450 58.91 4.94 0.63 91.29 3.77
9071 452 57.66 5.05 0.95 91.37 3.59
9082 454 57.79 7.09 0.75 86.36 6.55
9093 456 60.30 7.48 0.72 84.24 8.27
9104 458 58.54 6.85· 0.50 85.50 7.65
9115 460 60.70 8.08 0.80 82.50 9.42 1
9126 462 59.71 8.58 0.45 80.67 10.75
9136 464 60.35 6.52 0.87 87.71 5.77
9147 466 59.11 5.63 0.47 90.27 4.10
9158 468 59.87 5.55 0.77 91.00 3.45
9169 470 56.72 4.77 0.50 91.08 4.16 1
9180 472 65.21 11.19 0.56 78.64 10.18
9191 474 57.14 4.96 0.49 91.07 3.97
9202 476 62.79 10.70 0.73 80.12 9.18
9213 478 64.40 14.87 0.36 67.99 17.15
9224 480 61.27 7.92 0.77 84.86 7.22 1
9235 482 55.85 4.54 0.46 91.51 3.95
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9246 484 57.97 4.83 0.81 91.91 3.25
9257 486 59.16 5.61 0.38 90.53 3.86
9278 490 57.95 4.77 0.52 91.25 3.98
9289 492 60.19 5.74 0.74 90.39 3.86
9300 494 58.65 4.56 0.50 91.91 3.53 1
9311 496 59.17 4.25 0.65 94.40 1.35
9344 502 64.42 10.95
9366 506 61.67 9.07 0.95 84.46 6.47
9388 510 67.98 14.13 0.83 77.71 8.16 2
9398 512 57.71 6.87 0.79 89.31 3.83
9409 514 60.19 4.85 0.77 90.50 4.66
9420 516 55.57 5.04 0.60 91.54 3.42
9431 518 59.44 5.34 1.15 90.54 4.11
9442 520 55.31 4.78 0.65 91.12 4.10
9453 522 58.19 4.28 0.84 91.58 4.14 1
9464 524 56.85 4.63 0.42 91.44 3.93
9475 526 55.44 3.92 0.93 92.20 3.88
9486 528 55.51 5.09 0.58 90.83 4.08
9497 530 58.00 4.76 0.85 90.27 4.97 1
9508 532 56.66 5.46 0.66 90.28 4.26
9519 534 58.87 5.83 0.82 88.32 5.84
9529 536 58.21 6.65 0.46 88.93 4.41
9540 538 65.99 11.10 0.50 80.98 7.92 2
9557 540 64.33 9.12 0.55 85.38 5.50
9574 542 62.91 7.28 0.79 87.54 5.18
9591 544 57.94 5.29 0.44 91.00 3.71
9608 546 60.22 5.23 0.70 90.23 4.54
9625 548 55.25 3.99 0.55 93.20 2.80
9642 550 57.87 4.14 - 0.89 92.44 3.42 1
9659 552 57.82 6.63 0.40 88.21 5.16
9676 554 61.23 5.32 0.77 90.22 4.46
9693 556 59.28 5.79
9710 558 58.74 4.40 0.91 92.11 3.49
9727 560 55.92 4.84 0.4e 91.36 3.80 1
9744 562 57.44 4.32 0.81 ~ \S2.08 3.60
9761 564 56.68 5.49 0.49 91.~ 3.41
9778 566 60.07 5.21 0.86 90.80 N·99
9795 568 60.82 5.40 ~
9812 570 61.53 5.69 0.85 91.58 2.73 ~ 1
9828 572 57.95 6.39 0.46 89.27 c. 434
9845 574 58.63 4.80 . 0.79 92.10 . ~.10
9862 576 55.33 4.41 0.41 92.61 2.98
9879 578 58.65 4.24 0.93 92.71 3.05
9896 580 54.29 3.98 0.56 91.54 3.48 1
9913 582 60.08 4.88 0.70 92.13 2.99
9930 584 54.85 4.49 0.44 92.90 2.61
9947 586 58.71 4.76 0.67 91.97 3.26
9964 588 56.07 4.97 0.56 91.54 3.48
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9981 590 60.93 6.08 0.71 90.97 2.96 2
9998 592 59.46 6.25 0.49 90.15 3.60
10015 594 63.48 7.18 0.62 87.51 5.31
10032 596 55.91 5.18 0.39 88.18 6.65
10049 598 55.21 4.56 0.42 90.77 4.67
10066 600 60.60 6.76 0.76 86.85 6.39
10151 610 2
10167 612 62.69 8.60 0.59 86.02 5.38
10184 614 60.66 9.09 0.64 83.27 7.65
10201 616 63.50 8.43 0.68 86.83 4.74
10218 618 58.67 7.42 0.63 86.02 6.56
10235 620 62.59 7.08 0.71 88.87 4.05
10252 622 60.38 7.63 0.91 87.10 5.27
10269 624 65.04 9.24 0.60 85.28 5.47 2
10286 626 61.60 7.92 0.85 86.46 5.62
10303 628 61.00 6.33 0.69 90.04 3.63
10320 630 60.41 7.69 0.90 86.17 6.14
10337 632 62.55 7.34 0.60 88.33 4.32 2
10354 634 62.66 10.24 1.00 80.62 9.14
10371 636 64.03 8.83 0.62 86.87 4.30
10388 638 56.44 6.53 1.63 88.64 4.83
10405 640 63.90 9.40·· 0.54 83.82 6.78
10422 642 60.93 7.47 0.96 87.81 4.72
10439 644 60.94 6.24 0.70 90.13 3.63 2
10456 646 63.33 9.27 0.55 ·82.61 8.12
10514 648 65.72 10.48 0.52 82.91 6.61
10586 650 59.17 6.78 0.94 86.44 6.78
. 10657 652 60.16 6.68 0.64 86.25 7.06 2
10729 654 64.27 9.70 0.77 82.56 7.75
10801 656 69.15 12.19 0.48 80.05 7.76
10837 657 65.02 10.98 0.62 81.43 7.60
10872 658 72.17 22.87 0.92 63.05 14.08
10908 659 57.72 6.55 0.85 88.47 4.99 2
10944 660 61.85 8.68 0.68 86.03 5.29
10980 661 55.13 4.83 1.02 92.43 2.74
11016 662 70.47 16.89 0.40 73.85 9.26
11052 663 74.75 23.65 0.32 68.39 7.96
11087 664 78.10 33.22 0.29 57.10 9.68 4
11123 665 84.47 63.43 0.28 17.39 19.18
11159 666 84.17 61.78 0.29 20.34 17.88
11195 667 75.87 30.50 0.37 58.22 11.28
11231 668 78.28 41.51 0.30 39.27 19.22 4
11267 669 83.09 54.79 0.31 23.04 22.17
11303 670 81.65 _48.18 0.32 33.07 18.75
11338 671 79.12 39.57 0.36 46.32 14.11
11374 672 76.61 36.12 0.30 48.74 15.13 4
11410 673 79.90 43.34 0.46 37.52 19.13
11446 674 82.84 57.66 0.46 15.53 26.82 4
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11482 675 83.10 67.49 0.17 9.38 23.13
11518 676 81.26 55.70 0.23 16.19 28.11
11553 677 80.12 52.61 0.17 12.80 34.59
11588 678 81.39 57.22 0.19 8.47 34.31
11621 679 80.13 53.86 0.24 8.71 37.43
11653 680 80.40 53.75 0.22 10.17 36.08
11686 681 79.32 45.20 0.30 7.53 47.27
11718 682 78.59 39.96 0.32 7.53 52.52 4 1-
11751 683 78.26 41.77 0.29 7.90 50.34
11783 684 79.80 43.48 0.28 8.39 48.13 4
11816 685 78.45 43.75 0.30 7.14 49.12
11848 686 83.11 56.50 0.29 7.34 36.16
11881 687 83.45 59.89 0.23 7.47 32.64
11913 688 82.77 56.04 0.20 10.92 33.04
11945 689 82.06 49.66 0.42 6.70 43.64
11978 690 79.18 41.06 0.33 6.55 52.40 2
12010 691 77.39 37.18 0.38 5.92 56.90
12043 692 75.86 34.37 0.33 9.17 56.46 2
12075 693 74.90 33.21 0.32 5.87 60.91
12108 694. 72.86 29.16 0.48 5.79 65.05 3
12140 695 70.87 27.35 0.46 5.04 67.62
12173 696 69.44 21.81 0.39 6.94 68.26
12205 697 65.64 21.46 0.59 5.54 73.00 •..
12238 698 64.22 20.37 0.51 5.20 74.42
12270 699 66.92 23.42 0.60 5.31 71.28
12303 700 66.73 23.11 0.49 7.33 69.56
12432 704 69.94 27.14 0.42 8.51 64.35 3
12465 705 67.28 25.33 0.59 6.10 68.57
12497 706 66.03 22.95 0.86 7.30 69.74
12530 707 67.14 23.59 0.80 7.46 68.95
12562 708 67.48 22.15 0.50 8.89 68.96 2
12595 709 69.39 26.15 0.54 7.47 66.38
12627 710 71.19 28.72 0.54 7.43 63.85
12660 711 69.83 26.23 0.58 7.68 66.09
12692 712 74.24 29.14 . 0.38 10.76 60.10
12725 713 69.41 22.36 0.67 8.18 69.46
12757 714 71.67 23.85 0.76 16.63 59.53
12790 715 71.54 23.92 0.55 29.45 46.63
12822 716 69.85 19.73 0.45 28.50 51.77 3
12855 717 67.15 19.58 0.54 25.59 54.83
12861 718 70.12 22.38 0.51 19.30 58.32
12944 719 56.45 13.25 0.76 15.70 71.04
13026 720 67.72 17.91 0.53 29.43 52.67
13109 721 67.29 18.20 0.76 30.59 51.21
13192 722 65.64 17.52 0.74 31.41 51.07
13274 723 64.00 16.50 0.56 38.61 44.89
13357 724 68.17 17.61 0.48 42.31 40.08 2
13440 725 67.07 18.37 0.58 35.77 45.86
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13522 726· 69.83 22.20 0.71 26.60 51.20
13605 727 67.48 18.96 0.81 34.20 46.85
13688 728 72.10 23.52 0.40 26.09 50.39 4
13770 729 69.85 22.23 0.71 19.15 58.63 4
·13853 730 68.28 20.63 0.52 28.00 51.37
13936 731 61.05 11.79 1.08 49.67 38.55
14018 732 63.32 13.75 0.57 37.29 48.96
14101 733 62.28 15.08 1.02 23.34 61.59
14183 734 59.17 13.86 0.80 19.29 66.85
14266 735 57.71 12.40 1.20 26.93 60.67
14349 736 56.59 11.57 0.71 21.66 66.77 3
14431 737 51.43 10.35 1.17 9.47 80.17
14514 738 48.46 8.80 1.29 7.86 83.34
14597 739 49.90 8.88' 1.32 16.74 74.38
14679 740 50.09 7.73 0.84 30.55 61.72
14762 741 47.96 8.48 0.87 24.45 67.07
14845 742 48.81 8.31 1.05 19.33 72.36
14927 743 49.27 8.16 1.18 ,.21-.52 70.33
15010 744 49.81 7.33 0.90 J 26.09 66.58 3
15093 745 48.12 7.72 1.01 30.47 61.81
15175 746 50.10 8.73 1.04 29.93 61.34
15258 747 47.93 7.71 1.04 25.24 67.05
15340 748 48.72 6.27 0.83 28.85 64.88
15423 749 47.85 7.01 1.12 23.94 69.06
15506 750 46.59 6.72 0.98 19.54 73.74
15588 751 46.30 6.54 1.04 17.11 76.35
15671 752 44.44 5.61 1.08 11.01 83.39 3
15754 753 41.82 5.80 1.09 7.21 86.99
15836 754 41.10 5.79 1.26 6.37 87.84
755 40.93 5.71 1.40 6.42 87.87
756 41.29 5.53 1.07 7.06 87.42
757 39.51 5.51 -1.32 6.11 88.38
758 40.60 5.55 1.10 6.29 88.16
759 38.62 5.26 1.23 6.22 88.52
760 38.88 4.43 1.12 7.24 88.32
764 33.35 2.76 1.37 6.91 90.33
768 30.41 1.86 1.62 5.97 92.17
772 32.88 1.82 1.49 5.86 92.33
774 2
776 31.72 1.91 1.31 6.85 91.23
780 31.18 2.84 1.45 7.46 89.70
784 30.17 1.97 1.65 4.88 93.15
788 29.64 1.94 1.58 3.23 94.83
790 2
792 27.07 1.92 1.54 5.24 92.84
796 29.64 2.00 1.46 4.17 93.82
800 29.00 1.77 1.43 3.87 94.36
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APPENDIX 2.
Representative pollen and stable isotope data from core SL06-2.
Depth % % % % l)'''C %0 l)'OO%o l)'''CO~o l)'OO%o
(cm) Spruce Pine Alder Ash shell shell calcite calcite
224 0.0 14.6 0.9 21.7
234 0.0 8.0 0.4 21.5
244 0.0 5.8 0.0 24.8
254 0.0 7.3 0.9 21.8
257 -9.09 -7.02
260 -5.41 -8.04
262 -8.9 -8.1 -5.70 -8.13
264 0.0 6.6 0.7 21.2
265 -10.06 -6.79 -4.82 -8.14
268 -4.84. -8.34
270 -4.92 -8.16
273 -8.77 -5.99 -4.55 -8.10
274 0.0 7.5 0.0 23.5 (
276 -4.72 -8.24
278 . -4.94 -8.24
280 -5.10 -8.10
281 -10.02 -6.58
283 -5.32 -8.04
284 0.0 8.4 0.0 19.2
286 -6.67 -8.18
288 -5.46 -7.88
·289 -10.18 -6.73
304 -9.34 -6.80
307 0.0 8.0 0.8 22.1
312 -9.22 -7.32 -5.01 -8.12
314 0.0 4.6 0.0 18.5
316 ~ -5.18 -8.24
320 -8.23 -6.32 -5.53 . -7.74
323 -5.84 -8.25
325 -5.56 -7.96
328 -10.69 -7.91 -5.53 -8.32
329 0.0 6.2 0.8 26.1
331 -5.70 -8.15
333 J -5.70 -7.73
336 -9.81 -7.48 -5.90 -7.84
339 -5.52 -8.32 -
340 0.0 4.2 0.0 19.6
341 -5.43 -7.96
344 -11.19 -7.60 -5.92 -8.42
347 -5.20 -8.21
349 -5.46 -7.98
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Depth % % % % 6'''C%0 61110%0 6'''C%0 6'°0%0
(cm) Spruce Pine Alder Ash shell shell calcite calcite
350 0.0 5.5 1.4 23.9
355 -5.89 -8.62
359 -4.83 -7.99
360 0.0 2.8 0.0 18.7 -9.98 -7.63
363 -5.28 -8.00
365 -4.65 -8.06
368 -8.98 -7.75 -5.05 -8.30
370 0.0 3.7 0.0 18.8
371 -4.70 -8.32
375 -4.39 -8.21
379 -4.55 -8.26
380 0.0 8.5 0.0 18.1
383 -4.97 -8.18
38~ -8.89 -7.70
387 -4.27 -8.21
392 -8.01 -6.89 -4.16 -8.28
404 -4.79 -8.67
406 -8.82 -7.19
410 -5.33 -8.32
414 -8.32 -7.13 -5.16 -8.34
415 0.0 9.9 1.1 14.3
418 -5.55 . -7.98
420 -5.50 -7.99
422 -9.42 -7.68 -5.27 -8.55
424 -5.18 "8.42
426 -5.40 -8.12
430 0.0 9.1 0.0 13.9 -9.23 -7.07 -4.90 -8.20
434 -3.61 -7.95
438 -8.98 -7.32 -4.19 -8.43
440 0.0 11.0 1.0 17.9
442 -4.71 -8.00
446 -4.62 -8.04
447 -8.72 -6.88
450 0.0 8.9 0.0 17.1 -4.85 -8.14
454 -4.49 -7.88
455 -8.65 -5.89
458 -5.18 -7.93
460 0.0 10.8 0.0 19.1 -5.89 -8.12
462 -5.62 -7.85
463 -9.66 -6.25
464 -5.11 -8.24
466 -4.89 -8.49
468 -4.67 -8.43
470 0.0 10.6 0.0 20.0 -8.67 -6.59 -4.58 -8.07
472 -6.03 -8.01
474 -5.04 -7.87
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Depth % % % % OI;'C%O 01110%0 O"'C%O OIDO%O
(cm) Spruce Pine Alder Ash shell shell calcite calcite
476 -5.12 -8.01
478 -10.19 -7.25 -5.25 -8.31
480 0.0 13.0 0.8 20.5 -5.16 -7.88
482 -4.76 -8.07
484 -4.83 -7.56
486 -10.09 -7.29 -4.12 -7.89
490 -4.38 -7.92
492 -4.49 -7.96
494 -8.76 -6.41 -3.88 -7.45
506 -9.35 -6.55
510 0.0 9.5 3.3 19.0
514 -8.77 -6.91 -5.04 -7.72
522 0.0 9.4 0.0 19.6 -8.77 -6.00
524 -4.10 -8.28
530 -9.22 -6.18 -4.43 -8.26
536 -4.40 -7.97 ..
538 0.0 7.5 0.4 22.4 -9.12 -5.93 -4.34 -8.25
540 -4.29 -7.91
542 -4.68 -7.97
544 -4.61 -8.29
546 -8.59 -5.60 -4.73 -8.22
548 -4.44 -7.64
550 0.0 11.1 0.4 21.4
552 -5.21 -8.03
554 -8.73 -6.11
558 -4.64 -8.19
560 0.0 11.7 0.4 16.9
562 -8.84 -6.17
564 -4.ei9 -8.08
570 0.0 8.6 2.4 20.0 -9.75 -6.37 -3.76 -7.92
576 -4.41 -7.84
578 -9.32 -6.33
580 0.0 12.7 1.2 18.8
582 -4.47 -8.14
586 -9.33 -7.21
588 -5.30 -8.23
590 0.0 7.5 '2.2 18.9
594 -9.66 -6.45 -5.71 -8.98
600 -5.09 -8.01
610 -9.71 -6.54
616 -5.04 -7.84
618 -10.44 -6.48
620 0.0 14.3 0.0 15.8 -6.59 -7.89
624 0.0 11.7 1.1 26.4
626 -9.73 -6.63 -5.61 -8.60
632 0.0 8.8 2.1 29.4 -6.86 -8.36
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Depth % % % % o'''C%o 0'00%0 o '''C%o 0"'0%0
(em) Spruce Pine Alder Ash shell shell calcite calcite
634 -9.45 -6.55
638 -6.00 -8.37
642 -10.05 -6.93
644 0.0 13.0 0.7 22.2 -6.80 -8.50
650 -9.88 -6.44 -6.00 ~7.79
652 0.0 21.4 0.0 16.3
656 -6.58 -8.28
659 -10.15 -6.84
660 0.0 14.0 0.6 18.5
662 0.0 42.0 2.5 9.7 -6.78 -9.18
666 0.0 38.0 1.7 14.8
668 0.0 31.9 1.9 12.5
670 0.0 , 25.3 2.2 14.4
672 0.0 36.7 2.0 22.9
674 0.0 30.0 1.5 21.0
676 0.0 32.5 1.5 26.4
678 1.0 42.4 1.4 7.2
680 1.4 38.8 2.8 14.8
684 1.9 31.7 4.7 17.2 ,-
688 2.5 65.8 5.9 2.6
692 4.2 34.3 6.8 9.7
...696 8.5 42.5 7.3 2.7
704 10.3 39.6 9.2 1.8
708 12.9 39.2 12.2 ' 0.8
716 15.3 14.4 1.4 3.7
720 11.5 31.0 1.3 4.4
724 24.9 6.1 5.1 2.4
728 18.1 29.4 0.0 4.4
736 30.0 8.8 1.8 6.0
744 27.9 11.2 0.0 2.8
752 29.6 12.8 1.3 1.3
754 41.9 9.4 1.7 1.7
760 50.7 12.1 2.9 0.5
768 46.3 11.2 2.1 0.8
774 53.7 9.1 2.5 0.8
780 55.0 7.5 2.1 0.4
790 58.5 6.0 1.6 0.8
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